Thermal aggregation of whey proteins has been the topic of extensive research work. Blocking of disulfide bonds is quite important for the understanding of aggregation mechanism and, specifically, the role of disulfide interchange reaction. In this work, chemical blocking of disulfide bonds by Dithiothreitol (DTT) was compared with physical blocking (at pH 3), when molecules at both conditions were subjected to thermal aggregation at 80℃ for 1 hr. Results indicate differences in molecular properties at the two aggregation conditions. Aggregates that were formed via thermal treatment in the presence of chemical blocking reagents (DTT) produced larger aggregates of spherical, collapsed macromolecules. However, aggregate formed when disulfide bonds were physically blocked -at pH 3-produced smaller aggregates of spherical, wormlike macromolecules.
INTRODUCTION
Whey proteins offer rich nutritional and functional properties in food products. Functional properties of whey proteins result from the physical and chemical interactions that form the three dimensional distinguished configuration of the molecules. Gelation, emulsification, foaming and thickening represent the main functional properties of whey proteins. Disulfide bonds are the major chemical bonds that cause protein polymerization and gelation upon thermal treatment at a temperature above the denaturation temperature for various proteins, including whey proteins [1] . Disulfide bonds in native proteins cause protein stabilization [2] . However, upon heat treatment, protein is destabilized and disulfide interchange reaction proceeds to form higher molecular weight protein molecules.
Disulfide bonds are frequently used to investigate protein structure and stability [3] . The assessment of the role of disulfide bonds in whey proteins is best practiced by blocking the disulfide bonds and comparing the blocked protein system with the unblocked one.
Blocking of disulfide bonds can be done chemically by different chemical reagents such as dithiothreitol (DTT), β-mercaptaethanol (β-ME) N-ethylmaleimide (NEM) and others.
Disulfide-reducing reagents reduce the native disulfide bonds in proteins and maintain the essential thiol groups in proteins by preventing their oxidation to the disulfide state.
In addition, the thiol group can be reduced under acidic conditions. For example, whey proteins at pH values lower than 4 are not capable of forming disulfide bonds because of thiol group reduction [4] .
DTT possess high conformational propensity to form a six membered ring, in which the disulfide bond is part of the ring. DTT is frequently used to reduce the disulfide bonds of proteins and, more generally, to prevent intermolecular disulfide bonds from forming between cysteine residues of proteins. 
Preparation of Protein Solution.
The protein solution was prepared by dissolving the native protein powder in distilled water by gentle magnetic stirring for 30 minutes. Protein concentration was adjusted to 5% or 3% w/w. The pH value of protein solution was recorded to be 6.8. pH adjustment was done using 0.1 N HCl to reach pH 3, when needed. Thermal treatment of the protein solution was carried out by heating at 80℃ for 1 hr to denature the protein and to induce chemical and physical bonds, then cooling to 6℃ and maintaining at 6℃ for 24 hrs.
Dilute Solution Viscometry (DSV).
Cannon Fenske dilution glass capillar y viscometer (part # 9722-L50, Cannon Instruments, State College, PA, USA) was used for DSV measurements according to the method explained in [5] and [6] . A water bath was used to control the temperature in the range from 30℃ to 60℃ ( ± 0.05℃). The original protein solution (3% w/w) was diluted to a range of concentrations from 0.67 to 3 g/ dl. The efflux flow time for all solutions was more than 280 s. Experiments were done in triplicates.
RESULTS AND DISCUSSION

Intrinsic Viscosity
DSV is a useful tool in investigating the molecular properties of the food polymers [7] and biological macromolecules [8] . Not only food polymers, but synthetic polymer characterization is extensively done using intrinsic viscosity measurements [9] .
The intrinsic viscosity is defined as: 
where k H is the (dimensionless) Huggins constant.
Intrinsic viscosity is measured for ver y dilute solutions, and hence it indicates the relative polymer's molecular size and shape.
DSV has been extensively used with native and polymerized whey proteins to investigate their molecular proper ties [10] - [12] at room temperature (25 and 30℃).
However, DSV measurements of whey protein polymers at higher temperatures are scarce in literature [13] . Tables 1 and 2 and Figure 1 show the DSV data for whey protein aggregates resulting from thermal treatment at two conditions; the first condition is 3% WPI at pH 7 in the presence of 1% DTT, hereafter termed (with DTT), while the second condition is 5% at pH 3 without DTT, hereafter termed (at pH 3). The reason of choosing lower concentration with DTT is that at higher concentrations (～5% and higher), the solution gels. Table 3 shows that the value of intrinsic viscosity with DTT is higher than at pH 3 despite the higher initial concentration at pH 3. This observation indicates that the aggregation mechanism with DTT yields higher aggregate size than at pH 3. It is worth mentioning that using DTT breaks the intramolecular disulfide link and prevents that formation of the new intermolecular ones, however, at 
Huggins Constant and Chain Conformation
Useful information about the polymers confirmation can be obtained by determining Huggins constant. A comprehensive literature survey of k H values for different systems was done by [14] .
k H values of flexible polymer chains are in the range of ～0.2-0.8; typically around 0.3 in good solvents [15] . while the values at pH 3 suggest wormlike chains ranging from the coil limit to the rod limit. The collapsed aggregated molecular structure with DTT is probably due to the more open structure, causing higher population of hydrophobic interactions and hydrogen bonding.
Voluminosity
Voluminosity V E of protein polymer solutions was determined by extrapolating Y -(defined by equation 3) versus protein concentration (C, g/dl) -to zero concentration. [16] c (1.35ηr 0.
Voluminosity indicates the volume of the polymer molecules that are solvated in certain solvent. We clearly see from Figure 2 that V E is appreciably higher in case of 
Shape factor
Shape factor ν is determined to investigate the shape of the protein aggregated molecules. The shape factor of the molecules can be determined from the following correlation (Harding 1998):
[η]＝νV E (4) Table 3 shows the values of ν at different temperatures.
We clearly see that the shape factors with DTT and at pH 3 are similar. At both conditions, the molecules are close to be spherical, with a shape factor around～2.5. This observation indicates that the overall shape of the macromolecules is not affected by the means of aggregation. A previous publication [13] showed that whey protein polymers, containing disulfide bonds, at pH 7 are also spherical in shape, indicating that whey protein polymers and aggregate are spherical in shape over a wide range of polymerization/aggregation conditions.
Conclusions
Thermal aggregation of whey proteins proceeds differently when blocking disulfide bonds chemically as compared with physical blocking. Chemical blocking produces larger spherical, with collapsed, aggregated molecular structure, while physical aggregation produces smaller spherical wormlike chains. 
